A variety of Mycobacterium species contained the 5-deazaflavin coenzyme known as F 420 . Mycobacterium smegmatis was found to have a glucose-6-phosphate dehydrogenase that was dependent on F 420 as an electron acceptor and which did not utilize NAD or NADP. The enzyme was purified by ammonium sulfate fractionation, phenyl-Sepharose column chromatography, F 420 -ether-linked aminohexyl-Sepharose 4B affinity chromatography, and quaternary aminoethyl-Sephadex column chromatography, and the sequence of the first 26 Nterminal amino acids has been determined. The response of enzyme activity to a range of pHs revealed a two-peak pattern, with maxima at pH 5.5 and 8.0. The apparent K m values for F 420 and glucose-6-phosphate were, respectively, 0.004 and 1.6 mM. The apparent native and subunit molecular masses were 78,000 and ϳ40,000 Da, respectively.
The electron transfer coenzyme known as F 420 , a 5-deazaflavin, is found in few bacteria. However, it is a major component in the energy metabolism pathways of methanogenic bacteria and Archaeoglobus fulgidus (5, 11, 18, 19, 21, 29, 32, 33) , where it participates in a variety of two-electron transfer reactions. It is also found in several Streptomyces species (13) , where it is used in the synthesis of tetracyclines (41) and lincomycin (8, 35) , and in Streptomyces griseus, Scenedesmus acutus, Anacystis nidulans, and methanogens it is a component of the DNA repair enzyme photolyase (22, 24, 31, 40) . In Streptomyces species, Archaeoglobus fulgidus, and methanogens it exchanges electrons with NADP via the enzyme NADP-F 420 oxidoreductase (20, 23, 34, 56) . F 420 is present in Mycobacterium avium (44) and Mycobacterium tuberculosis (13) , but in these organisms its metabolic role is unknown. Actually, long before the discovery of F 420 in methanogens, Cousins isolated a yellow pigment from Mycobacterium smegmatis which had a UV-visible spectrum very similar to that of F 420 (9) and Sutton reported on an NADP-like electron transfer component in Mycobacterium phlei (52, 53) which is likely to have been F 420 .
Chemical and biochemical properties of F 420 are more similar to those of nicotinamides than to those of flavins, despite its structural resemblance to the latter. Its reduced form is stable for hours in air, it participates in most instances in two-electron transfer reactions, it has a redox potential of Ϫ350 mV, and it reacts rapidly with flavins (29, 54) . Figure 1 shows the structure of the monoglutamate form of F 420 found in M. avium (44) , but methanogens and others may contain multiglutamate residues.
Because of increasing problems in treatment of human disease caused by M. tuberculosis and M. avium infections arising from the global AIDS epidemic, faltering public health systems, and increasing cases of multiple drug resistance in tuberculosis patients (7, 25, 26, 42) , we have become interested in examining F 420 -dependent reactions in mycobacteria. Currently, the role of F 420 in mycobacteria and its distribution among different species or strains are unknown. In this study we examined the levels of F 420 found in a range of Mycobacterium species and noted for the first time a glucose-6-phosphate dehydrogenase (G6PD) that uses F 420 as an electron acceptor and which cannot use NAD or NADP. This was unexpected, since a variety of bacterial and eukaryotic G6PDs use NADP, NAD, or in some cases both nicotinamides as electron acceptors (3, 10, 37, 38, 45, 47, 55) . For estimation of the F 420 levels, all organisms except for M. leprae were grown on slants of Lowenstein-Jensen medium at 37ЊC. M. leprae was grown in an armadillo at the National Hansen's Disease Center, Carville, La., and harvested from the animal's liver. For M. smegmatis enzyme work, the bacterium was grown for 48 h at 37ЊC in 7H9 broth (Difco Laboratories, Detroit, Mich.) supplemented with 2 g each of glucose and glycerol per liter and 0.5 g of filter-sterilized Tween 80 per liter (but with no added albumin) either in a baffled 2.8-liter flask containing 750 ml of medium shaken at 150 rpm or in a 100-liter fermentor (surface gassed with 3 liters of 100% O 2 per min and agitated at 150 rpm).
MATERIALS AND METHODS

Bacterial
Methanobacterium thermoautotrophicum Marburg (used as a source of F 420 ) was from our laboratory and was grown in 10-and 100-liter fermentors as previously described (12, 14) .
Preparation and analysis of F 420 . F 420 was obtained from fermentor-grown M. thermoautotrophicum by overnight extraction of a cell paste at 4ЊC with 70% (vol/vol) ethanol in 20 mM phosphate buffer (pH 7), rotary evaporation, and chromatography on DEAE-Sephadex and C 18 columns as described previously (48) . For examination of F 420 levels in mycobacteria, cells were resuspended in 70% ethanol in aqueous 20 mM potassium phosphate, pH 7.0 (ϳ0.25 g of wet cells per ml), incubated at 4ЊC overnight, and centrifuged in a microcentrifuge at 12,000 ϫ g to remove debris and insoluble material; to estimate the level of F 420 in uninfected armadillo liver, 0.6 g of liver was blended in a small Waring blender with 2 ml of the 70% ethanol solution, left overnight at 4ЊC, and then centrifuged. The excitation spectra (emission wavelength, 470 nm; excitation wavelength, 250 to 465 nm) and emission spectra (excitation wavelength, 420 nm; emission wavelength, 425 to 600 nm) of the supernatants were measured with an Aminco-Bowman spectrofluorimeter (American Instrument Co., Silver Spring, Md.). A standard F 420 solution was composed of 0.04 M F 420 in 70% ethanol-20 mM potassium phosphate buffer, pH 7.0. The fluorescence peak height was compared with that of the standard to estimate F 420 levels.
Spectrophotometric assays for coenzyme F 420 reduction. Reduction of coenzyme F 420 was determined at 22ЊC in round glass cuvettes under argon (15) . The 2.0-ml anaerobic assay mixture typically contained 100 mM potassium phosphate, pH 7.0, and 25 M F 420 . Reduction of F 420 was monitored at 420 nm, with the exception of the pH optimum experiment, which was monitored at 400 nm (an isosbestic point in the pH range examined). Reaction rates were calculated with extinction coefficients determined at various temperatures and pH values; the ε 420 at pH 7.5 was 41,400 M Ϫ1 cm Ϫ1 (19, 49, 51) . The enzyme for substrate purification assays was from 95% ammonium sulfate precipitation fractions (0ЊC); for determination of pH and temperature optima and for apparent K m determinations, the enzyme was from the purest fraction eluted from the F 420 -ether-linked aminohexyl (EAH)-Sepharose column. Protein concentrations were determined with Coomassie brilliant blue by the Bradford assay using Bio-Rad reagent (Bio-Rad Laboratories, Hercules, Calif.) (6) .
Preparation of cell extracts. Cells (100 g [wet weight]) were resuspended in 300 ml of 20 mM Tris-HCl buffer, pH 7.0 (containing 0.1% Triton X-100 and 1 mM phenylmethylsulfonyl fluoride), and passed four times through a French pressure cell (Aminco Instruments, Champaign, Ill.) at 18,000 lb/in 2 . The resulting cell lysate was centrifuged twice at 30,000 ϫ g for 1 h at 4ЊC. Streptomycin sulfate (final concentration, 0.5% [wt/vol]) was mixed with the cell lysate, and the mixture was placed at 4ЊC for ca. 15 min and then centrifuged at 30,000 ϫ g for 1 h. The resulting supernatant was the cell extract.
Purification of the endogenous substrate, glucose-6-phosphate (G6P). Cell lysate (600 mg of protein), prior to streptomycin addition, was loaded onto a Bio-Gel P-30 column (5.5 by 30 cm; Bio-Rad) which had been equilibrated with 50 mM potassium phosphate, pH 7.0. The column was eluted with the same buffer at a rate of 25 ml/h. Substrate elution was monitored by F 420 reduction assays and A 260 readings. Two A 260 peaks resulted; only the second, lowermolecular-weight fraction had substrate activity. Substrate from the P-30 purification step, adjusted to pH 8.0, was applied to a DEAE-Sephadex column equilibrated with 20 mM potassium phosphate buffer, pH 8.0. The substrate bound to the column and eluted at about 200 to 300 mM NaCl in the same buffer.
Enzyme purification. All purification steps were carried out under aerobic conditions at pH 7.0. Cell extract was adjusted to 60% ammonium sulfate saturation (0ЊC) and then centrifuged at 12,000 ϫ g for 30 min; the supernatant (which contained enzyme activity) was then adjusted to 90% ammonium sulfate saturation and centrifuged again. The resulting pellet was dissolved in 1 M ammonium sulfate-20 mM Tris-HCl, pH 7.0, and stored at Ϫ70ЊC until further use.
All chromatography steps were conducted at 22ЊC. The enzyme from ammonium sulfate precipitation (27 mg of protein) was loaded onto a phenyl-Sepharose column (1.5 by 30 cm) which had been equilibrated with 1 M ammonium sulfate-50 mM Tris-HCl, pH 7.0. The column was then washed with 200 ml of 1 M ammonium sulfate-50 mM Tris-HCl buffer, followed by 300 ml of 0.5 M ammonium sulfate-50 mM Tris-HCl, and then eluted with a 300-ml linear gradient of 500 to 0 mM ammonium sulfate in 50 mM Tris-HCl buffer.
Active fractions from the phenyl-Sepharose column were pooled and concentrated with a Centriprep 50 (Amicon, Beverly, Mass.). An F 420 -EAH-Sepharose 4B affinity column (1 by 6 cm) was prepared as described previously (27) with EAH-Sepharose provided by Pharmacia Biotech (Piscataway, N.J.) and equilibrated with 20 mM Tris-HCl buffer, pH 7.0. Enzyme was loaded onto the column, which was then washed with 300 ml of the Tris buffer. A 300-ml linear gradient of 0 to 600 mM NaCl in the same buffer was applied to elute the enzyme.
Active fractions were pooled, desalted, concentrated with the Centriprep 50, and then loaded onto a quaternary aminoethyl (QAE)-Sephadex A-25 column (1 by 5 cm) which had been equilibrated with 20 mM Tris-HCl, pH 7.0, containing 20% (vol/vol) glycerol. After the column was washed with 15 ml of this buffer, the enzyme was eluted with a linear 60-ml gradient of 0 to 400 mM NaCl (in the same glycerol-Tris buffer).
Electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12% polyacrylamide) was conducted as described previously (36) on gels (10 by 7 cm). Gels were stained with Coomassie brilliant blue R-250 to reveal protein bands.
Molecular mass determination. The native molecular mass of the purified protein was determined at the College of Medicine Protein Structure Facility by high-performance liquid chromatography (HPLC) with a Beckman System Gold HPLC apparatus equipped with a Beckman Ultrasphaerogel SEC column (Beckman Instruments, Palo Alto, Calif.). Elution was achieved with 100 mM potassium phosphate buffer, pH 7.0, which contained 100 mM sodium sulfate. SDS-PAGE was performed to determine the molecular mass of the denatured protein. Native protein standards were (in daltons) thyroglobulin (690,000), immunoglobulin G (156,000), ovalbumin (44,000), myoglobulin (17,000), and cyanocobalamin (1,350); denatured protein standards were (in daltons) phosphorylase b (97,400), serum albumin (66,200), ovalbumin (45,000), carbonic anhydrase (31,000), trypsin inhibitor (21,500), and lysozyme (14, 400) .
N-terminal amino acid analysis. The purest protein sample obtained by the purification procedure was processed by SDS-PAGE and blotted onto a polyvinylidene difluoride membrane (Problott; Applied Biosystems, Foster City, Calif.). After being stained with Coomassie brilliant blue dye, the band containing the protein at ϳ40,000 Da was cut out and processed for sequencing by Edman degradation; then the first 26 N-terminal amino acids were determined at the College of Medicine Protein Structure Facility. Enzymatic reduction of F 420 by a low-molecular-weight substrate in M. smegmatis cell extracts. In an effort to identify reactions that use F 420 as an electron transfer coenzyme, the oxidized (intensely yellow, as isolated) form of F 420 was added to spectrophotometric-assay cuvettes (containing phosphate buffer, pH 7.0), with and without a variety of potential reduced substrates, to which cell extract was added. Reduction of F 420 to its colorless form was monitored by spectrophotometric means (in an anaerobic cuvette, to prevent reoxidation of 
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on July 7, 2017 by guest http://jb.asm.org/ cell extract without the addition of an external reduced substrate; this phenomenon was further examined. Both centrifuge-driven filtration of cell extract through a filter with a 10,000-molecular-weight cutoff and treatment with a 95% saturated ammonium sulfate solution resulted in two fractions: one contained most of the extract's proteins, and the other contained the electron-donating substrate for the reduction of F 420 , relatively free of proteins. Tracings of spectrophotometric assays in which the order of addition of the substrate and enzyme was varied showed clearly that both the enzyme fraction and the substrate fraction were required for F 420 reduction. Furthermore, if the enzyme fraction was boiled for 5 min, activity was eliminated; if the substrate fraction was boiled for 5 min and untreated substrate-free enzyme was used, then 70% of the activity was retained.
Identification of the low-molecular-weight substrate as G6P. The substrate that enzymatically reduced F 420 was separated from cell lysate proteins by Bio-Gel P-30 chromatography and further purified by DEAE chromatography. Treatment with alkaline phosphatase resulted in total loss of activity, but snake venom nucleotide pyrophosphatase did not result in activity loss. On the basis of these properties, we examined several monophosphorylated biochemicals as possible substitutes for the substrate as an electron donor to F 420 (using enzyme purified as described later in this paper); only G6P was able to serve as a substrate for the F 420 -dependent reaction. Also, purified substrate replaced G6P in reactions with NAD-or NADP-dependent G6PDs from commercial sources (bovine adrenal, human erythrocyte, baker's yeast, Leuconostoc mesenteroides, and Bacillus stearothermophilus). Furthermore, after the enzymatic reaction of either G6P or the purified substrate with the M. smegmatis enzyme was complete, if the reaction mixture was allowed to sit for 2 h to allow the conversion of 6-phosphogluconolactone to 6-phosphogluconate, the solution provided substrate for commercially available NADP-dependent 6-phosphogluconate dehydrogenase. We now can conclude that the substrate which donates electrons for reduction of F 420 is indeed G6P and that this mycobacterial enzyme is G6PD, catalyzing the reaction F 420 ϩ G6P 3 H 2 F 420 ϩ 6-phosphogluconolactone.
Enzyme purification. The G6PD was purified from M. smegmatis cell extracts by ammonium sulfate fractionation and a series of chromatographic steps. The results of each purification step are summarized in Table 1 ; the final product was a 621-fold-purified enzyme with 23% recovery. Figure 2 shows the elution profiles of phenyl-Sepharose and F 420 affinity chromatographies. The F 420 column was stable for ϳ12 months when stored in 20 mM Tris-HCl with 1 M NaCl at 4ЊC, with intermittent use at room temperature. Figure 3 illustrates the SDS-PAGE analysis of protein samples from each step of purification.
Properties of the purified enzyme. The native molecular mass of the enzyme estimated by molecular-sieve HPLC was 78,000 Da. A subunit molecular mass of ϳ40,000 Da was estimated by SDS-PAGE. Enzyme activities in cell extracts and ammonium sulfate preparations were stable when stored at Ϫ20ЊC (Ͼ95% activity after Ͼ6 months). After affinity and QAE chromatography, there was approximately a 55% loss of activity if the preparation was stored in elution buffer with or without 20% glycerol at Ϫ20ЊC for 16 days; at this stage of purity, enzyme in elution buffer alone lost all activity when kept at room temperature for 4 days but retained Ͼ75% of its activity after 16 days when 20% glycerol was included. Storage of the highly purified enzyme at 4ЊC for 16 days resulted in retention of ϳ60 and 20% of the original activity with and without glycerol, respectively.
The purified enzyme used F 420 as its obligate electron acceptor when G6P was the substrate; NAD, NADP, flavin adenine dinucleotide, and flavin mononucleotide showed no reactivity. In contrast, the commercially available G6PDs mentioned above were unable to reduce F 420 but instead reduced NAD or NADP. The M. smegmatis enzyme was very specific for G6P: at pH 7.0 and 22ЊC, 10 mM D-mannose-6-phosphate and D-fructose-6-phosphate showed only 5 and 9%, respectively, of the activity exhibited with 2 mM G6P. No None of the alternative sugar phosphates examined at 10 mM concentrations were inhibitory to G6P-dependent activity. The apparent K m values for F 420 and G6P were determined, respectively, to be 0.004 and 1.6 mM (pH 7, 40ЊC) by holding the F 420 or G6P level constant at 0.025 or 5 mM, respectively, while varying the other substrate. The response of enzyme activity to pH was interesting in that two clearly separate maxima were present, as shown in Fig. 4 . By using a different buffer (100 mM phosphate), over the range of pH from 6.0 to 8.0, the same phenomenon of two-maxima was seen (data not shown). The response of enzyme activity to variations in temperature was examined. Above 50ЊC, enzyme activity began to be destroyed; maximal activity was seen at 60ЊC. The activation energy of the enzyme was calculated to be 10,644 cal (ca. 44,535 J) mol
Ϫ1
. The N-terminal amino acid sequence was AELKLGYKA SAEQFAPRELVELAVLA. No homology was seen with any other G6PD when this sequence was compared with those of known proteins in the National Center for Biotechnology Information protein sequence database, but there was 52% identity with the 25 N-terminal amino acids of the F 420 -dependent alcohol dehydrogenase from Methanogenium liminatans (5) .
Presence of a separate NADP-dependent G6PD in cell extracts of M. smegmatis. Although the purified F 420 -dependent G6PD has no activity with NADP, cell extracts partly purified by ammonium sulfate precipitation (60%) and resuspended in 50 mM Tris-HCl buffer (pH 8.0) had the ability to reduce NADP with G6P at a rate of 0.06 mol min Ϫ1 mg
; no NADP was reduced in the absence of G6P, and NAD did not serve as an electron acceptor. This activity was not due to coupling of the F 420 -dependent G6PD activity with NADP-F 420 oxidoreductase, since the NADP-dependent G6PD partly purified by ammonium sulfate fractionation and phenyl-Sepharose chromatography showed no oxidoreductase activity and was not able to reduce F 420 with G6P as an electron donor (unpublished results). Thus, there are two separate G6PD activities in M. smegmatis.
DISCUSSION
This study demonstrates that, like their close relatives the Streptomyces species, all the strains of Mycobacterium that we examined contain F 420 , including M. leprae isolated from a diseased animal. This suggests that F 420 is important in some way to mycobacteria, including when it is involved in an actual infection. The levels of F 420 in Mycobacterium species (0.006 to 0.044 nmol/mg of protein) are very similar to the range of F 420 levels (0.0015 to 0.05 nmol/mg of protein) found in Streptomyces species (13) but are lower than those found in methanogens (0.2 to 3.4 nmol/mg of protein) (11) .
We have identified in mycobacteria an F 420 -dependent G6PD, an enzyme that has not yet been described in methanogens, streptomycetes, or any other organism. The substrates known to exchange electrons with F 420 are rather limited in number and include NADP (20, 23, 34, 46, 56) ; methenyl-, methylene-, and methyltetrahydromethanopterin (33, 39, 43) ; H 2 (30) ; formate (50); the coenzyme M-heptanolyl threonine phosphate heterodimer (17) ; some alcohols (5); and intermediates in the biosynthesis of tetracyclines (41) and lincomycin (8, 35) .
However, a G6PD in cell extracts of mycobacteria has been described before. The most interesting and relevant description was the observation more than 32 years ago that a relatively crude dialyzed enzyme preparation from M. phlei would reduce a partly purified ''new TPN-like electron transport component'' (53) which, on the basis of its UV-visible spectrum, is almost certain to have been F 420 (9, 52, 53) . This observation was not pursued further, but a decade later another group reported the presence of an NADP-dependent G6PD in M. tuberculosis and M. smegmatis crude extracts (1, 2); on the basis of labeling and cell extract assay experiments, it was concluded that the pentose phosphate pathway (in which G6PD is a key enzyme) was present in both species and that the Entner-Doudoroff pathway (which also uses G6PD) was not present in glycerol-grown M. tuberculosis (2) but was operating at low levels in glucose-grown M. smegmatis (1). It is not yet clear if one or both of the M. smegmatis enzymes we have described play a role in these pathways. Given the likely importance of these biosynthetic and energy-generating path- ways, it would not be unreasonable to further investigate the F 420 -dependent enzyme as a target for antimycobacterial agents.
The properties of the M. smegmatis F 420 -dependent G6PD are similar in some ways to those of other bacterial G6PDs reported previously. The Acetobacter hansenii, B. stearothermophilus, and L. mesenteroides enzymes have subunit molecular weights of 50,000 to 55,000 (28, 38, 47) ; the native enzymes occur as dimers or tetramers. Our enzyme has a subunit molecular weight ca. 20% smaller than those of these enzymes and has a native molecular mass (78,000 Da) consistent with it being a dimer. However, the L. mesenteroides, B. stearothermophilus, and Zymomonas mobilis enzymes can use either NAD or NADP as an electron acceptor (16, 28, 47) , and Escherichia coli preferentially uses NADP (10) . Acetobacter hansenii produces two G6PDs, one NAD specific and one NADP specific (4, 38) .
The pH values for maximal activity of the previously reported bacterial enzymes vary, depending on conditions, from 5.7 to Ͼ9, and there has been no report of results similar to our two-peak pH response curve for other G6PDs. We expect that the unusual pH phenomenon arises from the fact that, depending on the pH, different kinetic features of the enzyme are rate limiting. This can be addressed only by a thorough kinetic study of the enzyme.
The K m for G6P is relatively high, 1.6 mM compared with 0.09 to 0.25 mM for other bacterial nicotinamide-dependent G6PDs (3, 38, 47) ; this high K m is consistent with the high levels of G6P in crude extracts indicated by the cell extract substrate phenomenon which led to the discovery of the enzyme.
